Nuclear-encoded proteins destined for the mitochodrion must be translocated from the cytosol through an outer and inner membrane to reach the mitochondrial matrix. Two distinct protein complexes are essential for this process: the translocase of the outer membrane (TOM complex) and a translocase of the inner membrane specific for preproteins containing a mitochondrial presequence (TIM23 complex) [1] [2] [3] [4] . The essential protein Tom40 forms a continuous hydrophilic channel in the outer membrane that allows preproteins to pass across the membrane 5, 6 . Other known Tom components function as receptors for preprotein recognition or in the assembly and stability of the TOM complex. Preproteins are translocated through the inner membrane by the TIM23 complex, which consists of the essential integral membrane proteins Tim23 and Tim17, the membrane-bound Tim44 with the associated matrix heat shock protein mtHsp70, and probably additional translocation components [1] [2] [3] [4] [7] [8] [9] [10] [11] [12] . Translocation of the presequence requires a membrane potential (∆ψ) across the inner membrane, whereas an ATP-dependent motor system that includes mtHsp70 and its membrane anchor Tim44 drives the translocation of the mature portions of preproteins into the matrix 1-4 . Patch-clamp analysis has suggested that the mitochondrial inner membrane has a presequence-sensitive channel 8, 11 . The identity of the channel-forming Tim protein(s) is not known, however, and thus the properties of the channel have not been characterized at the molecular level. Here we report the reconstitution and functional characterization of purified Tim23 and provide direct evidence that Tim23 forms the presequence-sensitive translocation channel of the mitochondrial inner membrane.
Nuclear-encoded proteins destined for the mitochodrion must be translocated from the cytosol through an outer and inner membrane to reach the mitochondrial matrix. Two distinct protein complexes are essential for this process: the translocase of the outer membrane (TOM complex) and a translocase of the inner membrane specific for preproteins containing a mitochondrial presequence (TIM23 complex) [1] [2] [3] [4] . The essential protein Tom40 forms a continuous hydrophilic channel in the outer membrane that allows preproteins to pass across the membrane 5, 6 . Other known Tom components function as receptors for preprotein recognition or in the assembly and stability of the TOM complex. Preproteins are translocated through the inner membrane by the TIM23 complex, which consists of the essential integral membrane proteins Tim23 and Tim17, the membrane-bound Tim44 with the associated matrix heat shock protein mtHsp70, and probably additional translocation components [1] [2] [3] [4] [7] [8] [9] [10] [11] [12] . Translocation of the presequence requires a membrane potential (∆ψ) across the inner membrane, whereas an ATP-dependent motor system that includes mtHsp70 and its membrane anchor Tim44 drives the translocation of the mature portions of preproteins into the matrix [1] [2] [3] [4] . Patch-clamp analysis has suggested that the mitochondrial inner membrane has a presequence-sensitive channel 8, 11 . The identity of the channel-forming Tim protein(s) is not known, however, and thus the properties of the channel have not been characterized at the molecular level. Here we report the reconstitution and functional characterization of purified Tim23 and provide direct evidence that Tim23 forms the presequence-sensitive translocation channel of the mitochondrial inner membrane.
Proteins imported into the mitochondrial matrix are synthesized in the cytosol with an N-terminal presequence and are translocated through hetero-oligomeric translocase complexes of the outer and inner mitochondrial membranes. The channel across the inner membrane is formed by the presequence translocase, which consists of roughly six distinct subunits; however, it is not known which subunits actually form the channel. Here we report that purified Tim23 forms a hydrophilic, ∼13-24 Å wide channel characteristic of the mitochondrial presequence translocase. The Tim23 channel is cation selective and activated by a membrane potential and presequences. The channel is formed by the C-terminal domain of Tim23 alone, whereas the N-terminal domain is required for selectivity and a high-affinity presequence interaction. Thus, Tim23 forms a voltage-sensitive high-conductance channel with specificity for mitochondrial presequences.
nentially with membrane potential (Fig. 1e) . However, the Tim23 channels showed a tendency to close during prolonged application of a constant voltage (Fig. 1b, later time points) or in response to a slowly increasing voltage ramp (see below; Fig. 2a) . Thus, the Tim23 channel can be activated by a rapid increase in membrane voltage but closes slowly during prolonged exposure to a membrane potential.
To determine if the activity of the Tim23 channel is influenced by mitochondrial presequences, we used a synthetic peptide corresponding to the presequence of cytochrome c oxidase subunit IV (CoxIV) 15 . CoxIV affected the channel conductance in a concentration-dependent manner. Even at only 20 nM, CoxIV elicited a strong response (Fig. 2a) , but only from one side of the planar lipid bilayer. When CoxIV was added to the opposite side of the bilayer, micromolar concentrations were needed to influence the channel (Fig. 2b ). This indicates that Tim23 was inserted into the small unilamellar liposomes in an asymmetrical orientation, as has previously been observed for other reconstituted channels, including Tom40 (refs 5,16) . As a control, we used the peptide SynB2, which has an amino acid composition similar to that of CoxIV, including an equal number of positively charged residues (Fig. 2c) , but does not function as a specific mitochondrial targeting signal 15 . SynB2 influenced the Tim23 channel activity only in micromolar concentrations, independent of the side to which it was added (Fig. 2c,d ). The effect of CoxIV on the channel activity was voltage dependent, because the peptide induced a rapid gating (flickering) of the channel only above a threshold potential of ∼100 mV (Fig. 2f ) . We conclude that the presequence peptide specifically influences the channel activity through a high-affinity interaction with one side of Tim23 and that a rapid gating of the channel is activated by a combined action of both presequence and membrane potential.
To investigate whether the reconstituted Tim23 could interact with an entire mitochondrial preprotein, we used a purified presequence-containing model protein, b 2 ∆-DHFR 5 . This preprotein affected the Tim23 channel more strongly than did the presequence peptide: just 8 nM preprotein induced both a rapid voltage-dependent inhibition of the channel and a shift of the reversal potential to E rev = 41 ± 2.7 mV (P K +:P Cl -= 8.5:1) (Fig. 2g) . Thus, like Tom40 (ref. 5) , recombinant Tim23 may achieve at least partial translocation of the preprotein.
It has been reported that tim23-1 mitochondria, which contain a mutant form of Tim23 with a single amino acid substitu- At peptide concentrations below 1 µM, the current-voltage relationships were superimposable with the control trace. c, Addition of the peptide SynB2 to the trans side of the membrane. At concentrations below 1 µM, the current-voltage relationships were superimposable with the control trace without peptide. d, Addition of SynB2 to the cis side of the membrane. Single-channel current recordings in response to a voltage step protocol in the e, absence and f, presence of 100 nM CoxIV (trans/cis). Applied membrane potentials are indicated. Symmetrical ionic buffer conditions were used as described (Fig. 1b) . g, Current-voltage relationship of a bilayer containing 25-30 active copies of the Tim23 channel in the absence (control) and presence of 8 nM b 2 ∆-DHFR (cis and trans). Asymmetric ionic conditions and measurements used were as described for (a).
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c d e g f tion (G186D), form a channel across the inner membrane that has a lower sensitivity to presequences 11 . We generated a recombinant Tim23, Tim23-1, with the same amino acid substitution. Upon reconstitution into liposomes, Tim23-1 revealed a channel activity with a conductance similar to that of wild type Tim23 but with a lower reversal potential (E rev = 38 ± 2.5 mV; P K +:P Cl -= 7:1) (Fig. 3a) . Tim23-1 showed considerably lower reactivity to the CoxIV peptide. At a concentration of 100 nM, the peptide did not affect the Tim23-1 channel activity even at a high membrane potential (Fig. 3b) , unlike the results with wild type Tim23 (Fig. 2a,e ). Tim23-1 was influenced by the CoxIV peptide only at high (micromolar) concentrations (not shown). The recombinant Tim23-1 therefore shows characteristics also seen with the tim23-1 mutant mitochondria 11 .
Characteristics of the presequence translocase
The presequence translocase consists not only of Tim23 but also Tim17, Tim44 and additional components of 14 kDa (Tim14), 33 kDa and 55 kDa (refs 7,9,10,12) . The integral membrane proteins Tim17 and Tim23, which are homologous to one another, are both essential for cell viability 13, 14, [17] [18] [19] . They are present in equimolar amounts and stably associated in the 90 kDa core complex of the translocase 12, 20 , compatible with the hypothesis that these two proteins together form the import channel. However, this model does not fit the observation that yeast mitochondria containing overexpressed Tim23 import significantly more matrix-targeted preprotein than do control mitochondria 21 . Different functions have been reported for Tim23, including roles as a voltage-sensitive presequence receptor 11, 21, 22 and as a regulator, but not as a structural element of the multiple conductance channel of the inner membrane 11 . The observation that purified Tim23 alone forms a presequence-sensitive channel suggested that it would be revealing to compare the channel characteristics of purified Tim23 with that of the multiple conductance channel of the inner membrane of yeast mitochondria.
We sonicated mitochondria, separated inner and outer membrane vesicles and collected highly pure inner membrane vesicles (Fig. 4a, lanes 5 and 12) . We fused the inner membrane vesicles with liposomes and then with a planar bilayer. We detected several channel activities, the most frequent being a high-conductance anion channel with two conductance states of 200 pS and 600 pS that specifically responded to inhibitors of the ADP-ATP carrier, the most abundant protein of the mitochondrial inner membrane (not shown). A channel activity resembling the multiple conductance channel 8,11 displayed a high cation selectivity and conductance much like the reconstituted Tim23 channel and was the only inner membrane activity sensitive to a mitochondrial presequence (Fig. 4b,c) . Antibodies directed against Tim23 inhibited this channel activity of inner membrane vesicles 11 (Fig. 4d) as well the activity of reconstituted Tim23 (Fig. 4f ) . Preimmune antibodies did not affect the channel activity (Fig. 4e) . Moreover, the anti-Tim23 antibodies used here, which were generated against the N-terminal (intermembrane space) domain of Tim23, exerted a strong inhibitory effect on the Tim23 activity only from one side of the membrane (Fig. 4e, legend) . This is the same side from which the CoxIV peptide exerted its high-affinity effect (Fig. 2a) , supporting the conclusion that reconstituted Tim23 has an asymmetric orientation. The characteristic multiple conductance state, with subconductances and a main conductance frequently present in multiples of three, was seen both for the inner membrane activity 8, 11, 23 and for reconstituted Tim23 (Fig. 1b) in a comparable pattern. Taken together with the properties of Tim23-1, these findings provide strong evidence that the characteristics of reconstituted Tim23 are comparable to that of the multiple conductance channel, indicating that Tim23 not only regulates 11 but also directly forms the multiple conductance channel.
To assess whether Tim23 could form a channel in the mitochondrial inner membrane in the absence of a stable association with Tim17, we used a mutant form, Tim23-2, with a single amino acid substitution in the membrane domain (G112E) that destabilizes the 90 kDa TIM23 complex 20 . Upon lysis of tim23-2 mitochondria with digitonin and separation by blue native polyacrylamide electrophoresis (BN-PAGE), Tim23 and Tim17 were lost from the 90 kDa complex (Fig. 5a, lanes 2 and 4) . Both proteins probably migrated in the low molecular weight range and thus were not resolved. We determined the total mitochondrial content of Tim23 and Tim17 and their extractability with digitonin and did not find any difference between mutant and wild type (Fig. 5a, lanes 5-10) . This indicates that both Tim23 and Tim17 are present in wild type amounts in tim23-2 mitochondria, but their interaction is destabilized. To quantitatively test the function of the inner membrane protein import channel of tim23-2 mitochondria, we used saturating amounts of the pre- protein b 2 ∆-DHFR 20 . The tim23-2 mitochondria specifically processed and imported the protein in a membrane potentialdependent manner (Fig. 5a , lanes [16] [17] [18] [19] [20] with an efficiency of 50-70% relative to wild type mitochondria. Similar import efficiencies were seen with purified inner membrane vesicles (not shown). The tim23-2 inner membrane vesicles contained a channel with the same basic characteristics as wild type mitochondria (Fig. 5b,c) , with one exception. In the presence of the CoxIV peptide, the E rev of the inner membrane vesicles of tim23-2 mitochondria was lower, indicating that the channel was less cation selective (Fig. 5c ). In contrast, the peptide did not affect the E rev of wild type inner membrane vesicles (Fig. 4c) . This provided us with another assay to determine if Tim23 formed the presequence-sensitive channel seen in the mitochondrial inner membrane. We expressed, purified and reconstituted the mutant protein Tim23-2 (Fig. 5d) . It showed the same channel characteristics (Fig. 5e,f) as reconstituted wild type Tim23, except that in the presence of the CoxIV peptide, E rev was changed in the same manner as we had seen for total inner membranes of tim23-2 mitochondria (compare Fig. 5f to 5c). We conclude that Tim23 is responsible for forming the presequence-sensitive channel of the inner membrane. This conclusion, combined with the fact that the TIM channels are four-fold less abundant than the TOM channels and, thus, limiting for the import of presequence-containing preproteins 20 , explains the observation that overexpression of only Tim23 strongly stimulates the import of these preproteins into mitochondria 21 .
Channel formation by the C-terminal domain of Tim23
Tim23 consists of two domains, a C-terminal hydrophobic domain located in the inner membrane and an N-terminal domain that is exposed to the intermembrane space and binds mitochondrial presequences 13, 17, 21, 22, 24 (Fig. 6a) . Surprisingly, it has been reported that Tim23 is integrated into the outer membrane through its N-terminal domain 25 . Therefore, we investigated which domain of Tim23 forms the cation-selective channel identified here. We expressed and purified both Tim23 domains separately (Fig. 6a) . Although Tim23 N did not form detectable channels, reconstituted Tim23 C formed a channel with the same basic characteristics as were seen for full-length Tim23 (Fig. 6b) . The cation selectivity of Tim23 C was lower (E rev = 27 mV; P K +:P Cl -= 3.8:1), however, and its affinity to a presequence peptide was markedly lower than that of full-length Tim23. The CoxIV peptide still caused channel flickering and current block, but only at micromolar concentrations (Fig. 6c ); no effect was detected at nanomolar concentrations. We conclude that Tim23 N is required for the selectivity and high-affinity influence of a presequence on the channel activity of Tim23 C .
Estimated pore diameter
The diameter of the Tom40 translocation pore has been experimentally estimated at ∼20-22 Å, indicating that a polypeptide in an α-helical conformation can easily be translocated through it and that two α-helices (for example, a preprotein in a loop formation) could even be translocated together 5, 6, 26 . The rela- In the presence of preimmune antibodies, the current-voltage relationship was superimposable with the control trace. Measurement and asymmetric ionic buffer conditions were as described in (c). Current-voltage relationship of a bilayer containing purified recombinant Tim23 in the e, absence of antibody (control) or f, in the presence of preimmune or antiTim23 N (trans). The current-voltage relationship of recombinant Tim23 in the presence of anti-Tim23 N antibody added to the cis side of the membrane was largely superimposable with the control trace. Measurement and asymmetric ionic buffer conditions used were as described (Fig. 2a) .
tively large size of the outer membrane translocation channel was puzzling in light of functional studies indicating that preproteins are substantially unfolded during translocation, so that they should cross the membranes in the form of linear chains 27 . Only indirect information is available about the pore size of the TIM23 translocase. Gold particles of 20 Å diameter can be transported across the outer membrane but are strongly inhibited in translocation across the inner membrane 26 . Assuming a cylindrical protein channel with a five-fold higher resistance than the bulk medium 28 and using the conductance of the reconstituted Tim23 channel (and the corresponding inner membrane channel), the calculated mean pore diameter is ∼18-19 Å. To obtain more direct evidence of the effective pore diameter, we used the polymer-exclusion method 28, 29 with polyethylene glycol of different sizes. The conductance ratio dependence on the polymer size leads to a calculated external (vestibule) diameter of ∼24 Å and an inner (restriction zone) diameter of ∼13 Å (Fig. 7) . Thus, the Tim23 channel is not simply a cylindrical pore; rather, its internal and external diameters differ considerably. At its narrowest point, the Tim23 channel is smaller than both the Tom40 channel 5, 6, 26 and the functional translocon of the endoplasmic reticulum (∼20-50 Å) [30] [31] [32] but is similar to the average diameter of the polypeptide exit channel of the ribosome large subunit (15 Å) 33 . The restriction zone diameter of the Tim23 channel is just large enough to accommodate one polypeptide chain in an α-helical conformation but not large enough to contain two α-helices at the same time. This suggests that the mechanism of protein translocation 
Conclusions
We report that Tim23 forms a channel in the presequence translocase of the mitochondrial inner membrane. The successful reconstitution of purified Tim23 into a lipid bilayer described here has allowed a direct measure of its properties and, together with the use of mutants, an assessment of its role in mitochondria. The reconstituted channel exhibits all the characteristics of the physiological channel, including high cation selectivity, large multiple conductance 8, 11 and an effective pore size that requires unfolding of the polypeptide chain during translocation. Bauer et al. 21 reported that a membrane potential promotes dimerization of the N-terminal domains of Tim23 and an interaction with presequences. Our reconstitution of the Tim23 channel shows that the channel can be activated either by a rapid increase of the membrane potential alone or by the combined presence of both a presequence and a membrane potential of sufficient magnitude. The latter combination is probably the typical physiological situation in mitochondria. The membrane potential thus promotes protein import by several means, including an electrophoretic effect on the positively charged presequences [1] [2] [3] [4] and direct stimulation of both the receptor function and channel activity of Tim23. Upon prolonged exposure to a membrane potential in the absence of preproteins, the Tim23 channel tends to close; this probably helps to maintain an electrochemical gradient across the inner membrane. The membrane channel is formed by the C-terminal domain of Tim23. Tim17 is weakly homologous to this domain 13, 14, [17] [18] [19] , indicating that Tim17 might also form a channel, although functional expression and reconstitution of this protein alone has not been possible so far. It is evident, however, that Tim23 represents the presequence-sensitive channel of the mitochondrial inner membrane. Only Tim23 contains a large N-terminal domain exposed to the intermembrane space that binds presequences with high affinity 13, 17, 19, 21, 22 ; Tim17 lacks such a domain. Both functions of Tim23, as presequence receptor and channel, are intimately linked, because the high-affinity influence of a presequence on the channel formed by the C-terminal domain is mediated by the N-terminal domain. Tim23 thus offers an efficient means by which presequence recognition at the inner mitochondrial membrane can be coupled to transport of the preprotein across the membrane.
Methods
Expression and reconstitution of Tim23. Yeast Tim23 and the mutant forms Tim23-1 and Tim23-2 were expressed from the plasmid pET10N with an N-terminal His 10 -tag in the E. coli strain C43 (DE3) 34 . After induction with 1 mM isopropyl-β-D-thiogalactopyranoside (IPTG) (3 h), cells were lysed and inclusion bodies were isolated 5 and denatured in 8 M urea, 100 mM NaH 2 PO 4 , 10 mM Tris-HCl, 5 were lysed in Mega-9 buffer (80 mM Mega-9, 10 mM MOPS-Tris, pH 7.0, and 1 mM EDTA), and Tim23 (∼1 mg ml -1 ) in urea was diluted ∼10-fold into the mixture to yield a lipid-to-protein ratio of 10:1 (w/w). Proteoliposomes were formed following dialysis against 10 mM KCl, 1 mM CaCl 2 and 10 mM MOPS-Tris, pH 7.0.
Inner membrane vesicles. Isolated yeast mitochondria were adjusted to a protein concentration of 10 mg ml -1 . Mitochondria were swollen for 30 min on ice by 10-fold dilution with 20 mM HEPES-KOH, pH 7.2 and 1 mM PMSF. After restoration of isotonic conditions and sonication, crude vesicles were isolated by centrifugation at 20,000 g. Pellets were resuspended in 5 mM HEPES-KOH, pH 7.2, 10 mM KCl and 1 mM PMSF and loaded onto discontinuous 0.85-1.6% (w/v) sucrose gradients. Following centrifugation for 16 h at 100,000g, vesicles were harvested and subjected to SDS-PAGE analysis. The vesicles were mixed 1:1 (v/v) with preformed small, unilamellar liposomes and fused by sonication five times for 30 s each in a 20 ml water bath mounted in a microtip-equipped Branson sonifier. The fused vesicles were exposed to one freeze/thaw cycle and sonicated again for 30 s before being subjected to electrophysiological measurements.
Electrophysiological measurements. The painting technique was used to form planar lipid bilayers 5, 16 . The cis chamber solution was changed to asymmetrical concentrations (cis chamber: 250 mM KCl, 1 mM CaCl 2 and 10 mM MOPS-Tris, pH 7.0) once a stable bilayer was formed in symmetrical solutions of 20 mM KCl and 10 mM MOPS-Tris, pH 7.0. The liposomes were added to the cis compartment directly below the bilayer. The standard buffer for symmetrical measurements was 250 mM KCl, 0.1 mM CaCl 2 and 10 mM MOPS-Tris, pH 7.0. Agar bridges containing 2 M KCl were used to connect the Ag/AgCl electrodes to the chambers. The electrode of the trans compartment (reference chamber for reported membrane potentials) was directly connected to the headstage (Cv-5-1GU) of a current amplifier (Geneclamp 500, Axon Instruments). Amplified currents were recorded using a Digidata 1200 A/D converter. For analysis, a self-developed Microsoft Windows-based analysis software (SCIP, single-channel investigation program) was used in combination with Origin 6.0 (Microcal Software).
BN-PAGE and protein import into mitochondria. For BN-PAGE, mitochondria (50 µg) were resuspended in 50 µl of ice-cold digitonin buffer (1% (w/v) digitonin, 20 mM Tris-HCl, pH 7.4, 0.1 mM EDTA, 50 mM NaCl, 10% (v/v) glycerol and 1 mM PMSF), incubated on ice for 15 min and then centrifuged at 12,000g, 4 °C for 15 min. Sample buffer (5 µl) was added (5% (w/v) Coomassie brilliant blue G-250, 100 mM Bis-Tris, pH 7.0 and 500 mM 6-aminocaproic acid) and the samples were then separated on 6-16.5% polyacrylamide gradient gels at 4 °C (ref. 20) .
The preprotein b 2 ∆-DHFR was purified as described 20 . Isolated yeast mitochondria were resuspended in import buffer (3% (w/v) BSA, 250 mM sucrose, 5 mM MgCl 2 , 80 mM KCl, 5 mM methionine, 10 mM MOPS-KOH, pH 7.2) and supplemented with 2 mM each of ATP, NADH and GTP. Just before import, the preprotein was diluted to 0.16 µM in import buffer (minus BSA) and the sample clarified by centrifugation. Following import at 25 °C, mitochondria were reisolated, washed in 250 mM sucrose, 1 mM EDTA and 10 mM MOPS-KOH, pH 7.2, and then separated by 14% SDS-PAGE. Import was assessed by immunodecoration with an anti-DHFR following transfer to polyvinylidene difluoride (PVDF) membrane 20 .
